Objectives: To investigate the association between green tea intake and incident stones in two large prospective cohorts. Methods: We examined self-reported incident kidney stone risk in the Shanghai Men's Health Study (n = 58 054; baseline age 40-74 years) and the Shanghai Women's Health Study (n = 69 166; baseline age 40-70 years). Information on the stone history and tea intake was collected by in-person surveys. Multivariable Cox proportional hazards models were adjusted for baseline demographic variables, medical history and dietary intakes including non-tea oxalate from a validated food frequency questionnaire. Results: During 319 211 and 696 950 person-years of follow up, respectively, 1202 men and 1451 women reported incident stones. Approximately two-thirds of men and one-quarter of women were tea drinkers at baseline, of whom green tea was the primary type consumed (95% in men, 88% in women). Tea drinkers (men: hazard ratio 0.78, 95% confidence interval 0.69-0.88; women: hazard ratio 0.8, 95% confidence interval 0.77-0.98) and specifically green tea drinkers (men: hazard ratio 0.78, 95% confidence interval 0.69-0.88; women: hazard ratio 0.84, 95% confidence interval 0.74-0.95) had lower incident risk than never/former drinkers. Compared with never/former drinkers, a stronger dose-response trend was observed for the amount of dried tea leaf consumed/month by men (hazard ratio highest category 0.67, 95% confidence interval 0.56-0.80, P trend < 0.001) than by women (hazard ratio highest category 0.87, 95% confidence interval 0.70-1.08, P trend = 0.041). Conclusions: Green tea intake is associated with a lower risk of incident kidney stones, and the benefit is observed more strongly among men.
Introduction
Kidney stone disease is highly prevalent and recurrent. [1] [2] [3] [4] Among the known risk factors for calcium oxalate stone recurrence is hyperoxaluria. 5, 6 A number of oxalate-rich foods have been described that contain varying amounts of oxalate and corresponding bioavailability, including tea. 7 Whether tea consumption increases risk for kidney stones is controversial. On the one hand, fluid intake has been shown to be protective against stone recurrence. 8, 9 However, tea leaves are a source of dietary oxalate that might contribute towards hyperoxaluria. 7, [10] [11] [12] As a result, tea is frequently found on the do-not-consume lists given to stone formers who often become frustrated with the lack of permissible beverage options.
Black tea has the highest oxalate content and is consumed more often in Western countries. 10 It undergoes a full oxidation stage before steaming and drying. When black tea is consumed with milk, the soluble oxalate content is reduced through binding with dietary calcium. Green tea is produced without oxidation and drying fresh leaves directly after harvest. Green tea has significantly less oxalate content than in black tea, and is preferred in many Asian and North African countries.
Two large epidemiological studies have suggested that tea intake is associated with lower stone risk. 4, 13 However, these studies were limited as a result of not distinguishing the type of tea leaf consumed, 4, 13 generally low intakes of tea on average by the participants (median 2-4 servings/month) 13 and not quantifying the amount of tea consumed. 4 Whether green tea intake is associated with stone risk is unclear. Therefore, we investigated incident kidney stones and tea intake in two population-based prospective cohorts of urban inhabitants of Shanghai, China, among whom green tea was the primary type of tea consumed.
Methods

Study population
Study subjects were participants of the SWHS and the SMHS. The profiles of the two cohorts have been reported previously. 14, 15 Briefly, a total of 74 941 women aged 40-70 years were recruited from the urban communities within Shanghai, China for the SWHS from 1996 to 2000, and 61 480 men aged 40-74 years were recruited for the SMHS from 2002 to 2006. The overall study participation rate was 92.7% and 74.1% for women and men, respectively. Participants were actively followed by in-person surveys every 2-4 years, and by linkage to the Shanghai Tumor Registry and Shanghai Vital Statistics database each year. Institutional review boards of all institutions involved approved the studies. Written informed consent from all participants was obtained before the interview.
Data collection
At baseline, a structured questionnaire was administered to participants at their homes by trained interviewers to collect demographic information, medical history, lifestyle habits, occupational history and dietary intakes. During the visit, anthropometric measurements, such as bodyweight (kg), height (cm), and waist and hip circumference (cm), were also taken according to a standard protocol. BMI (kg/m 2 ) was derived by dividing weight by height squared, and WHR was derived by dividing waist circumference by hip circumference. History of diabetes, hypertension, coronary heart disease and stroke were self-reported. Hypertension in the present study was defined by self-reported disease diagnosis by physicians and/or the use of antihypertensive medication.
Tea consumption was assessed by asking the participants whether tea consumption was regular (at least three times per week for ≥6 months) at baseline. Information regarding types of tea consumed (green, black and others), age at starting/ stopping tea consumption and the amount of dried tea leaves consumed per month (g) were also collected through selfreport. At the first follow-up survey, regular tea-drinking status (yes/no) was again ascertained. Participants were classified into four groups based on baseline and follow-up information: consistent never/former drinkers, becoming regular drinkers (new), those who stopped drinking after baseline (discontinued) and continuous drinkers.
Dietary intakes were assessed using a validated FFQ for foods consumed in the past year. 16, 17 We derived dietary oxalate intake from food items in the FFQ (oxalates from tea were not included a priori) according to previously reported oxalate content of foods commonly consumed among Chinese people. 18 Over 85% of oxalate-containing food items in our FFQ were identified in this reference database. During the baseline interview, although alcohol drinking habits were assessed, overall water and fluid intake volume were not available. Sodium intake was not included in the analyses due to incomplete assessment and high within-individual variances.
Identification of incident kidney stone formers
The identification of participants with incident kidney stones has been described previously. 19 Briefly, information of urinary tract stone diagnosis, date of first diagnosis, stone location, and detection methods was self-reported by participants during follow-up visits in 2004 and 2008. Incident cases were defined by the first report of a urinary tract stone located in the kidney or ureter. The time to event/censoring in this analysis was calculated as the time-period between the date of enrollment and the date of first stone diagnosis for cases or the date of last assessment for non-formers. We excluded patients whose first diagnosis occurred before the baseline interview (n = 833 women, n = 1828 men), as well as the self-reported stone formers with missing diagnosis date (n = 14 women, n = 20 men). Other exclusion criteria included: (i) prevalent and incident patients with bladder stones, suspected/probable stones in the urinary tract and individuals with unknown stone status (n = 120 women, n = 454 men); (ii) participants who did not complete any follow-up surveys that collected the stone information (n = 3046 women, n = 693 men) or had any malignancy diagnosis at or before the baseline survey (n = 1654 women, n = 211 men); (iii) participants with extremes of reported total energy intake (women: <500 or >3500 kcal/day, n = 108; men: <800 or >4200 kcal/day, n = 220). A total of 69 166 women and 58 054 men were included in the final analysis.
Statistical analysis
Univariable Cox proportional hazards regression model was used to compare baseline demographic characteristics of incident stone formers and non-formers. BMI was categorized into underweight (<18.5 kg/m 2 ), normal (18.5-24.9 kg/m 2 ), overweight (25-29.9 kg/m 2 ) and obese (≥30 kg/m 2 ). Sex-specific cut-offs were used to dichotomize WHR (men: low <0.9, high ≥0.90; women: low <0.8, high ≥0.80). 20 For nutritional variables, additional adjustment for age at interview and total energy intake (kcal/day) were included in the Cox model.
The associations between tea intake variables and incident kidney stone risk were evaluated by carrying out multivariable Cox models, with age at study enrollment as the time scale. The primary analysis examined the association of current versus never/former tea drinking status with incident stone risk. We separately examined the risk associated with green tea versus non-green tea versus never/former drinking status. Additional analyses were carried out to examine the association with the amount of dried tea leaf consumed per month at baseline (0 g, <100 g, 100-150 g, >150 g), as well as tea-drinking status between baseline and the first follow-up examination (consistent never/former, new, discontinued, continuous). For the latter, participants who had their teadrinking habit assessment completed after the stone diagnosis were excluded, as their tea-drinking habits and diet might have changed after diagnosis (n = 780).
Covariates were included as continuous variables unless otherwise noted: birth year, education level (<12th grade, high/vocational school and college or above), family income per capita (low, middle and high), pack-year smoking, BMI, WHR, history of diabetes (yes/no), hypertension (yes/no), coronary heart disease and/or stroke (yes/no), cholelithiasis (yes/no), regular exercise (MET-h/day/year, categorized as none, low, medium, and high), total energy intake (kcal), intakes of dietary protein (g/day), fat (g/day), calcium (mg/ day), potassium (mg/day), magnesium (mg/day), vitamin C (mg/day), calcium supplements (yes/no), vitamin C supplements (yes/no) and dietary oxalate intakes (mg/day, oxalates from tea were not included). As a sensitivity analysis, models with minimal adjustment (birth year) were also carried out. The proportional hazard assumption was examined by including time-varying covariates in the model.
All analyses were carried out using SAS Enterprise Guide 7.1 (SAS Institute, Cary, NC, USA). All statistical tests were based on two-sided probability, and P < 0.05 was considered statistically significant.
The current work was presented at the 2018 American Urological Association Annual Meeting (https://www.jurol ogy.com/article/S0022-5347(18)40274-1/fulltext).
Results
During 319 211 and 696 950 person-years of follow up, 1202 men and 1451 women, respectively, reported incident stones. At baseline, nearly two-thirds of men and over onequarter of women in the cohorts reported regular tea consumption (Table 1) . Approximately 99% of men (1190/ 1202) and women (1436/1451) with stones reported that the stone was diagnosed by ultrasound and/or X-ray radiography. Among tea drinkers, green tea was consumed most often in both cohorts (95% in men and 88% in women among drinkers). Men were more likely to be heavy tea drinkers (~20%, dried tea leaves consumed per month >150 g) than women (~7%). Approximately 79% of women and 87% of men, who completed both tea-drinking assessments, maintained their baseline status of tea intake at the first follow up.
Several participant characteristics showed significant differences between incident stone formers and non-formers in the univariate analysis (Table 1) . Stone formers in both cohorts were more likely to have a non-manual labor occupation, and greater BMI and WHR. Among women, stone formers were more likely to have a history of coronary heart disease/ stroke and cholelithiasis. Except for the specific tea type, other tea variables were not significantly different between stone formers and non-formers among women. Male stone formers tended to have a history of hypertension, lower exposures to cigarette smoking, less likelihood of regularly drinking tea (especially green tea), consuming dried tea leaves at baseline and maintaining consistent tea consumption behavior during the follow-up period than among non-stone formers.
Regular tea intake was associated with 13% and 22%, respectively, lower risk of incident kidney stone in women (HR 0.87, 95% CI 0.77-0.98) and men (HR 0.78, 95% CI 0.69-0.88), compared with never or former tea drinkers ( Table 2 ). The association was primarily driven by green tea consumption (women: HR 0.84, 95% CI 0.74-0.95; men: HR 0.78, 95% CI 0.69-0.88). A strong dose-response effect was observed for the amount of dried tea leaves consumed per month, particularly in men ( Table 2 ; women: P trend = 0.041; men: P trend < 0.001). New tea consumption between baseline and the first follow up was associated with~30% lowered risk of incident stones in men (HR 0.69, 95% CI 0.50-0.96), but not in women (HR 1.01, 95% CI 0.85-1.21; Table 3 ). Similarly, being a continuous drinker was associated with reduced incidence of kidney stone risk in men only (women: HR 0.93, P = 0.356; men: HR 0.69, P < 0.001, overall P interaction = 0.052). In our sensitivity analysis with minimal adjustment for potential confounders, these associations were maintained overall (Tables S1,S2 ).
Discussion
In the present study, we found regular tea consumption might be protective against incident kidney stone risk among the urban Chinese population, especially in men. The observed association was mainly driven by green tea intake, although we had insufficient sample size to draw conclusions for other types of tea. A dose-response effect was observed when examining the amount of dried tea leaves consumed per month. Notably, this association was stronger in men than in women. Furthermore, the association of continuous drinking behavior with lower risk was observed only in men, although tests of interaction did not show clear significance.
Dietary interventions to prevent stones are effective.
9,21-23
A mainstay of dietary prevention is to increase fluid intake to achieve >2.5 L of urine volume daily. 5 While water intake is generally preferable, other beverage choices might increase or decrease stone risk. For example, greater intakes of sugarsweetened beverages (e.g. soda and punch) are associated with 30-50% increased risk of incident stones. 9, 13 Often questions arise as to what beverage options exist for stone formers, especially if one dislikes the taste of water.
Prior studies of the association of tea intake with stone risk have had mixed findings. Dietary oxalate content varies by tea type, with black tea having the highest content. 10 In healthy, non-stone-forming individuals, consuming 500-1000 mL of tea without milk is associated with an approximate increase in urinary oxalate 1 to 11 mg/24 h. 7, 24 As a reference, the definition of hyperoxaluria is 40 mg/day, and dietary oxalate is responsible for up to 60% of urinary oxalate. 8 A study of healthy volunteers showed green tea consumption was associated with increased urinary oxalate. However, several epidemiological studies have suggested that tea intake is associated with lower stone risk. 4, 13 An analysis of three prospective cohort studies in the USA showed a 11% decreased risk of incident stones among those who drank 8 oz tea daily compared with less than once a week. 13 However, intakes of tea among participants were generally low overall (median 2-4 servings/month), and the type of tea consumed was unknown. A study of prevalent stones in China showed that tea consumption was associated with a 23% decreased risk, although the amount, duration and type of tea consumed were not specified. 4 The present finding that green tea intake is protective towards kidney stone risk can be explained by several mechanisms. First, as a fluid, it reduces the supersaturation risk with respect to all stone types, and this benefit could outweigh the changes in urinary oxalate. Second, tea contains caffeine, which has diuretic and natriuretic effects, together with increases in urinary excretion of calcium, magnesium, potassium and chloride. 25 Third, in vitro and animal studies have shown the direct inhibitory effect of green tea on calcium oxalate stone formation related to its anti-oxidant properties. [26] [27] [28] Green tea contains strong anti-oxidants including catechins, and has been shown to increase superoxide dismutase activity, reduce osteopontin expression and apoptosis, and decrease calcium oxalate deposit formation in a rat model. 26 Without adjustment for total fluid intake, we lack the ability to determine whether the benefit of tea is the result of the increased volume of fluid, active ingredients within the tea itself or due to the substitution for other beverages that increases stone risk. Even so, these findings would at least suggest that a general recommendation of increasing green tea intake does not adversely affect risk.
These results should be interpreted within the context of the limitations of the study design. Kidney stone history and tea intakes were self-reported; therefore, the lack of medical adjudication might lead to a non-differential misclassification of disease status, driving associations towards the null. Even with a meticulous adjustment of potential confounders, such as obesity, physical activity, dietary intakes and other risk factors for kidney stone, in our analysis, we cannot completely rule out the effect of residual confounding. We also lacked accurate information regarding fluid and salt intakes of the participants, Cox regression model included birth year, pack-year smoking, education, income, physical activity (MET-h/day/year), BMI at baseline (kg/m 2 ), WHR, history of coronary heart disease/stroke (yes/no), history of type 2 diabetes, history of hypertension (yes/no), and history of cholelithiasis (yes/no), energy intake (kcal), dietary protein intake, dietary calcium intake, calcium supplement (yes/no), dietary vitamin C intake, vitamin C supplement (yes/no), dietary potassium intake, dietary magnesium intake and dietary oxalate intake.
thus the present results might be affected by unmeasured confounders. We collected data on the amount of dried tea leaves consumed from our participants instead of fluid volume associated with tea drinking due to the large variation in how much water is placed in tea or the repeated use of tea leaves. Furthermore, we only considered baseline information for most covariates included in the analysis, and the one-time assessment did not capture the variation in lifestyle characteristics of the participants over time. The present study also had several strengths, including prospective study design and large sample size. Two assessments of tea consumption at baseline and follow up enabled us to evaluate the effect of continuous tea drinking on stone risk. However, independent studies are warranted to replicate our findings in other Asian populations and populations of other ethnicities. In summary, green tea intake is associated with a lower risk of incident kidney stones. The benefit appears to be stronger among men than in women. Without being able to adjust for total fluid intake, it is unknown how greater intakes of green tea explain lower risk. A dose-response was observed, and the association was maintained among consistent tea drinkers over time.
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